Plant cell walls exist as a macromolecular complex of various polysaccharides and some proteins (4, 15, 17) . When examined by EM, the cross section of primary cell walls often appears multilayered and ordered (22) . Changes in wall architecture during elongation or/and expansion could be derived from wall loosening. It has been proposed that xyloglucans function in young plant cell walls as a cementing matrix material which contributes cross-links and rigidity to the cellulose framework (10, 15) . The integrity of xyloglucan could then control the ability of microfibrils to loosen and the whole cell to expand during growth. In fact, wall extension is associated with xyloglucan degradation by auxin-induced endoglucanases (11, 14) .
The macromolecular complex of xyloglucan and cellulose has been isolated from elongating regions of etiolated pea stems (10) .
The association between the two polysaccharides is very strong because only concentrated alkali (24% KOH) was effective in ' Current address: AJINOMOTO Central Research Laboratories, 1-1 Suzuki-cho, Kawasaki 210, Japan. dissolving xyloglucan from the macromolecule. Standard reagents for breaking weak hydrogen bonds such as 8 M urea were ineffective, and DMSO only extracted a small part of the xyloglucan. However, the xyloglucan component of the complex was much more accessible to endoglucanase hydrolysis than cellulose microfibrils. There must be a certain ordered mechanism for the assembly and association of two kinds of (I-4)-fl-glucans to form such tight complex.
Xyloglucans isolated from plant cell walls can be bound to cellulose in vitro (1, 10) . Such reconstitution probably creates an organized xyloglucan:cellulose complex. However, the reconstituted complex is not so tightly organized as the native macromolecule because the xyloglucan can be extracted with mild alkali (4% KOH) from the complex (10) . Valent and Albersheim (20) studied the association of xyloglucan fragments with cellulose primarily under non-physiological conditions, and little information is available on the nature of the binding of a native xyloglucan to cellulose. The present communication examines the binding of xyloglucan to cellulose using radioiodinated pea xyloglucan. We also show the effect of xyloglucan on the biogenesis of cellulose in vivo using the cellulose-producing bacterium Acetobacterxylinum (2, 3). A. xylinum was employed as a model system for the effect of xyloglucan on cellulose biogenesis in vivo because (a) the cellulose is secreted into the medium and the structure ofits microfibrils is known to be subject to modification by agents which interact with /3-glucan molecules (8, 9) and (b) unlike plant systems, no xyloglucan is produced which could compete with added xyloglucan as was recently demonstrated in studies with pea protoplasts (13) . Finally, we have used fluorescent xyloglucan as a probe to study the association ofendogenous xyloglucan with cellulose in elongating pea stem cell walls.
MATERIALS AND METHODS Materials. Fluoresceinamine, cyanogen bromide, laminarin (from Laminaria digitata), lichenan (from Cetraria islandica), arabinogalactan (from larch wood), pectin (from citrus fruit), cotton cellulose, carboxymethylcellulose, and xylan (from larch wood) were obtained from Sigma. Pustulan (from Pustulan papullosa) and pachyman were from Cal-Biochem. Calcofluor was purchased from Ciba-Gigy, Sephadex G-50 from Pharmacia, Nal'25I (17 (8) . The microfibrils bind together into an extracellular ribbon ofcellulose (Fig. SA) . In the presence of pea xyloglucan (0.1%), microfibrils of relatively small diameters were observed indicating disruption of ribbon assembly (Fig.  5B) . Pea cellulose was also observed (Fig. 5C ) by electron microscopy. The fibrils still retained ordered orientation, and the microfibril width was very small (8 nm 24% KOH-insoluble cell wall residues, respectively, with fluorescence-labeled xyloglucan. Cell wall ghosts containing only cellulose still showed recognizable cell shapes with fluorescence distributed over the entire wall surface when xyloglucan was removed from the material with 24% KOH (Fig. 6A) . The fluorescence was most intense in bands that traversed the ghosts in a vertical direction in relation to the cell axis. During growth, cellulose and xyloglucan levels increase differently. Xyloglucan levels per segment double after 48 h, and cellulose levels increase 12-fold (14) , and thus the final cellulose level per cell is higher in elongated (9.0 mg/g fresh weight) and auxin-treated (14 mg/g fresh weight) cells than in cells about to grow (zero time, 3.3 mg/ g fresh weight) (Fig. 6, A-) . Therefore, one might predict that, after elongation or expansion (auxin-treated), ghosts containing the xyloglucan:cellulose network might have more available sites for binding of added fluorescent xyloglucan. The fact that such ghosts still display only weak fluorescence (Fig. 6, D-F ) was surprising and indicated that the microfibrils are extensively covered with xyloglucan even when the cellulose:xyloglucan weight ratio is substantially increased from 1.4 in the initial small cells to 8.7 in elongated cells and to 4.5 in auxin-treated cells after 48 h growth (8) . DISCUSSION We have directly demonstrated the binding of pea xyloglucan to cellulose in vitro (Figs. 1-3) . The results obtained strongly support the notion that xyloglucan is bound to the surface of cellulose microfibrils in the primary cell wall of higher plants. Since other glucans do not inhibit the binding of xyloglucan to cellulose (Table I) , the association between the two kinds of(l1--4)-ft-glucans occurs specifically. Since xyloglucans exhibit no selfaffinity (12), cellulose microfibrils appear to be covered with a monolayer ofxyloglucan in a reconstituted complex. The finding that (1--4)-ft-xylan shows some competition with xyloglucan for binding raises the interesting possibility that the heteroxylans found in many monocot walls may also interact with cellulose, although such walls also contain some xyloglucan presumably bound to cellulose (17) . We have not, however, examined directly any interaction between xylans and cellulose or xyloglucan.
Based on the binding capacity for cellulose microfibrils of differing surface area, the capacity was dependent on the surface area of the microfibrils (Fig. 3) . However, the native xyloglucan:cellulose complex contains 14-fold higher levels of xyloglucan than those in the reconstituted complex (10). In the experiments presented here, 100 gg ofpea cellulose were saturated with 5 ,ug of xyloglucan. If 25% of the fibrils of the pea cellulose used in these studies are exposed to the surface and the xyloglucan contained about 60% by weight (I-A4)-f-glucan equivalents, then it would appear that only about 10 to 15% of the available surface area was covered at equilibrium, under the conditions of our experiment. In the primary cell walls ofpea stems, xyloglucan probably not only binds to the surface of cellulose microfibrils but also weaves into the amorphous parts of microfibrils. This probably explains why concentrated alkali, which causes microfibrils swelling, is required for the extraction of xyloglucan (4, 10) ; mild alkali which does not cause microfibril swelling does not dissociate the complex even though it does prevent new associations of xyloglucan and cellulose (Fig. 2) . Thus, the native association may form dose to or directly at the site of cellulose synthesis and this could enhance binding in vivo. This hypothesis is supported by the recent observation that exogenous xyloglucan does not complex well with the newly formed cellulose microfibrils during the regeneration of cell walls ofpea protoplasts (13) .
It has been shown that Calcofluor and carboxymethylcellulose alter the assembly of cellulose microfibrils by A. xylinum (8, 9 ). An increase in the rate of polymerization was accompanied by an alteration of ribbon assembly when carboxymethylcellulose was added to cellulose-synthesizing cultures ofA. xylinum. Haigler and Benziman (8) showed that carboxymethylcellulose interfered with ribbon assembly at a higher level than does Calcofluor. Carboxymethylcellulose associates with the subunits of the ribbon and prevents the fascination into larger bundles, whereas
Calcofluor acts at an earlier stage of assembly preventing associ-Plant Physiol. Vol. 83, 1987 Our results show that xyloglucan also probably interferes with ribbon assembly at a level similar to that caused by carboxymethylcellulose (Fig. 5, A and B) . In the primary cell walls of pea stems, therefore, the microfibril size may be controlled by xyloglucan. The surface area ofmicrofibrils in pea stems is extensively covered with xyloglucan during cellulose deposition and, in fact, the diameters of microfibrils are very small in the primary cell walls of pea stems (Fig. 5C ) and may represent the fibril size generated by a single cellulose synthase complex. Xyloglucans probably function in the organization of microfibril assembly to prevent the fasciation of such fibrils and to spread the fiber network over the cell surface (Fig. 6) . In addition, this may stimulate the rate of cellulose synthesis, as has been observed for cellulose synthesis in A. xylinum in the presence of Calcofluor and carboxymethylcellulose (8) .
A decrease in xyloglucan deposition is accompanied by an increase in cellulose deposition during elongation of pea stems (14) . Although the cellulose content increases 12-fold in cell walls after 2 d of elongation, xyloglucan increases only about 2-fold. Nevertheless, cellulose fibers continue to be extensively coated with xyloglucan during cellulose deposition (Fig. 6) . The original xyloglucan may be partially degraded during elongation and possibly reconstituted with newly-formed fibers to create an altered microfibril network.
Acidic pH stimulates cell-wall loosening (18) , and auxin-induced cell growth is accompanied by a decrease in the pH of the medium. Also, treatment of pea tissue with auxin leads to solubilization of part of the insoluble xyloglucan (14) . It was proposed that cell wall extension occurs by a hydrogen bond creep between xyloglucan and cellulose fibers (15) . Valent and Albersheim (20) , using fragments of xyloglucan, concluded that binding to cellulose was unaffected by pH in the range of 1.9 to 6.7. The result presented in this paper, using native and high mol wt xyloglucan, shows that the interconnection between the two polymers is stable at acidic pH (less than 6) and unstable above this pH (Fig. 2) . These results further confirm that the creep between the two kinds of fl-glucans does not occur at acidic pH, and therefore, it is highly unlikely that xyloglucan chains creep along the surface ofthe cellulose fibers during acid-induced growth. We have concluded that the xyloglucan solubilization which is evoked by auxin is due instead to degradation of the polysaccharide with auxin-induced endoglucanases (14) . The effect of high pH or salt on the binding of xyloglucan to cellulose is consistent with the notion that these molecules interact by hydrogen bonding. However, it is somewhat surprising that the interaction is inhibited even under relatively mild alkaline conditions. The pH dependence ofbinding must reflect a real change in the affinity of the two types of polymer for each other since the labeled xyloglucan used here has no charged groups and is, in itself, stable from pH 3 to 10. It would thus seem that the details ofthe precise chemical interaction between these polymers merit further study.
Xyloglucans can be a useful tool for studying cellulose structure and synthesis because the polysaccharides resemble an antibody for cellulose. Visualization of cellulose could contribute to our understanding of the morphology of plant cell walls, and to the localization of cellulose (Fig. 6). ['25I]Xyloglucan could be used as a means of determining the exposed surface areas of various types of cellulose (Fig. 3) , and may be useful for detecting very low levels of cellulose. For studies on the biosynthesis of cellulose in vitro, one might specifically detect cellulose produced by binding of radioactive xyloglucan, thus eliminating the need for a radioactive substrate or for subsequent tedious structural analyses. The interaction of xyloglucan with carboxymethylcellulose (Fig. 4) , indicates that xyloglucans might also be used as viscosity modifiers for various soluble f3-glucan or 13-xylan derivatives.
